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Introduction
The development of postural stability involves dynamic interactions between multisensory networks, including the visual, somatosensory, and vestibular systems.
Each sensory system provides the central nervous system (CNS) with specific information about the position and motion of the body (Hirschfeld 1992) . The visual system provides the CNS with information regarding the position and motion of the head with regard to surrounding objects (Paillard 1987) , and somatosensory inputs offer information regarding the position and motion of the body with reference to supporting surfaces. In addition, somatosensory inputs provide information about the relationships between the different body segments (Shumway-Cook, and Woollacott 2006) . Another important source of sensory inputs is the vestibular system, which provides the CNS with information regarding the position and movement of the head with respect to gravity and inertial forces (Horak et al. 1994) . According to developmental studies, the visual system plays a predominant role in the development of postural stability in young children, while somatosensory and vestibular inputs appear to dominate postural control later in life (Foudriat, Di Fabio, and Anderson 1993; Hirschfeld 1992) . Researchers have found that postural control is essentially adult-like by 7-10 years of age, which means that children over the age of 7 years easily maintain postural stability during both quiet and perturbed stances (ShumwayCook, and Woollacott 2006).
Abnormal or delayed postural development is a common sensorimotor impairment in profoundly deaf (PD) children and is often associated with vestibular dysfunction (Potter, and Silverman 1984) . In PD children, postural instability can result from vestibular dysfunction, which hampers the normal development of posture control.
Previous studies have found that 49-95% of children with hearing loss suffered from vestibular dysfunction, with the incidence increasing with the degree of hearing loss (Selz et al. 1996) . The cochlear and vestibular systems are anatomically and functionally connected, and so damage to either the cochlear or vestibular systems, or both, can lead to vestibular disorder and associated balance dysfunction (Rine et al. 2000) . In fact, impairment or absence of the labyrinthine righting reflex caused by vestibular dysfunction leads to a delay in gross motor and balance functions in children (Kaga 1999) . Previous studies have also demonstrated that children with hearing loss show a significant increase in center-of-pressure deviation and bodysway velocity measures made during a static standing balance test, and in the balance performance measure of the subsection item of the Bruininks-Oseretsky Test of Motor Proficiency (BOTMP), when compared to normal-hearing (NH) children (Gheysen, Loots, and Van Waelvelde 2007; Rine et al. 2000; Siegel, Marchetti, and Tecklin 1991; Suarez et al. 2007 ).
It remains to be established unequivocally whether or not postural stability in PD children develops adequately with age. Previous developmental studies have proposed that PD children can exhibit gradually or consistently retarded development of postural stability (Gheysen, Loots, and Van Waelvelde 2007; Rine et al. 2000; Siegel, Marchetti, and Tecklin 1991; Suarez et al. 2007 ). Rine et al. (2000) examined balance and gross motor development in children with hearing loss twice, at an interval of 12 months, and found that most children showed a significantly poor performance on both the balance and gross motor tests. These findings suggest that postural development in PD children is delayed progressively. In addition, other studies have shown that delayed postural development in children with hearing impairment persists but does not worsen (Brunt, and Broadhead 1982; Carlson 1972; Siegel, Marchetti, and Tecklin 1991) . Carlson (1972) assessed PD children aged 5-10 years using the Brace Motor Ability Test, and found that the motor development of these children adaptively improved up to 7 years of age and then plateaued. In addition, Siegel et al. (1991) examined children with hearing loss in three different age groups (4.5-6.5 years, 8-10 years, and 12.5-14.5 years) using the balance subtest of the BOTMP in order to determine age-related changes in balance ability. A comparison with normative data showed that the balance scores of these children were 50% lower than those of the age-matched, NH population in those aged 4.5 to 6.5 years and were 20% lower than the score of the standardized population in the other two age groups (8-10 years and 12.5-14.5 years). This indicates that balance ability improves until approximately 10 years of age, after which any existing deficits persist. According to a study by Brunt and Broadhead (1982) , the balance ability of children with hearing loss improves with age but remains lower than that of NH children at the age of 7-14 years.
On the other hand, studies of postural stability in patients with vestibular dysfunction have shown that the degree of postural sway during quiet stance is normal in conditions under which either visual or somatosensory input is enabled. In contrast, they have a hard time maintaining postural stability when both visual and somatosensory inputs are inadequate (Horak, Nashner, and Diener 1990; Nashner 1982) . Empirical research suggests that older children with hearing impairment have relatively functional postural stability as a result of the contribution of adaptive sensory compensation (Dummer, Haubenstricker, and Stewart 1996; Horak, Nashner, and Diener 1990; Kaga 1999) . According to Kaga's study (1999) 
Method

Subjects
The study involved 57 PD children aged 4-14 years of age and 57 age-matched NH children. The children were recruited from two local elementary schools, a middle school, and three schools for the deaf. Each group was subdivided according to age: group 1, 4-6 years; group 2, 7-9 years; and group 3, 12-14 years. Inclusion criteria for the PD group included a hearing loss greater than 70 dB; we did not determine the etiology of the hearing loss. Exclusion criteria for all subjects included any neuromuscular or musculoskeletal condition, uncorrected visual disability, and learning disability as identified from school records. The subjects and their parents were informed about the purpose, procedures, and applications of this study, and parental agreement for their children to participate was obtained. Children with normal hearing (n 2 =57) 4-6 years 8 10 7-9 years 12 7
12-14 years 12 8
Experimental Equipment
The equipment used included a silent stopwatch that can measure centesimal units, eye bandages, and 5-cm-thick foam sponges.
Single-Limb Standing Test (SLS)
The single-limb standing test is a commonly used clinical tool for the measurement of standing balance. It assesses postural stability in a static standing position by measuring the time (in seconds) a subject can maintain the single-limb standing position. Atwater et al. (1990) have shown that the single-limb standing test has good interrater reliability (r=0.87−0.99) and fair-to-good test-retest reliability (r=0.59−1.00) in both the eyes-open and eyes-closed conditions.
Procedure
We administered a static standing balance test in a quiet classroom in the schools. standing on a foam surface with eyes closed and covered (condition 4). The test was performed twice for each condition and the better performance was recorded. The children were allowed to rest for 1 min between tests to prevent muscle fatigue. The four conditions were administered in a random order by drawing lots. All directions were explained to each subject via total communication, which involves speech, sign language, body language, and demonstration.
The subjects were instructed to stand on one leg for as long as possible but for a maximum of 60 s for each trial. They were barefoot and positioned 2 m from a wall upon which a visual target had been placed at their eye level. When standing with eyes open during the test (conditions 1 and 3), the subjects were instructed to look at the target. When standing with eyes closed (conditions 2 and 4), an eye bandage was used to cover the subject's eyes in order to prevent them from furtively opening them.
The subjects were instructed to place their hands on their hips, raise their nondominant leg behind them with their knee bent at 90º and shin parallel to the floor, and to look at the target. For all conditions, timing was started as soon as the angle of knee became 90º with the shin parallel to the floor. Timing was stopped when the subjects touched the raised foot to the floor, took their hands off of their hips, or shifted the supporting foot from the starting position. Timing was also stopped if the subject continued to hook the raised leg behind the support leg after two warnings, or failed to keep the raised leg lifted to at least the mid-range of knee flexion.
Statistical Analysis
The primary analysis was repeated-measures analysis of variance (ANOVA), with age as the between-subjects factor and condition as the within-subject factor. Eight separate one-way ANOVAs were then used to determine the age-related changes of single-limb standing balance in PD and NH children in altered sensory conditions.
Where the one-way ANOVA showed a significant difference, Bonferroni's adjustment was used to identify where specific differences occurred. Two-way ANOVAs (age × hearing ability) by condition were used to compare single-limb standing balance in PD children with that in the age-matched NH children. We also used independent t-tests to determine whether there were differences in mean singlelimb standing time between the PD and NH children in each age group. Hypothesis testing was carried out with α=0.05. (Table 3) .
Results
General Single-Limb Standing Balance
The independent t-test, used to compare the mean single-limb standing time of the PD children with the age-matched NH children, indicated a significant difference in single-limb standing balance within each age group depending on condition. In age group 1, there were significant differences between PD and NH children under all conditions. However, these differences diminished with age, except for condition 2, for which the difference between both groups persisted regardless of age (Figure 1 ). 
Age-Related Changes in Single-Limb Standing Balance
Repeated-measures ANOVAs showed significant main effects for age and condition in both the PD and NH groups. However, there was an interaction between age and condition in the PD group but not in the NH group (Figure 2 ) (Table 4) ( Figure 3 shows the age-related changes in single-limb standing balance under specific sensory conditions. In condition 1, the mean time for the PD group significantly increased with age (p<0.05), but an increase in the mean time for the NH group was only observed in a comparison between age group 3 (12-14 years) and age group 1 (4-6 years). In condition 2, both the PD and NH groups showed a significant difference between age groups 1 and 3 only. In condition 3, significant increases were found between age groups 1 and 2, and age groups 1 and 3 among the PD children; no significant differences were found in the NH children. In condition 4, both the PD and NH groups showed no statistically significant differences between any age group.
Single-Limb Standing Balance Under Specific Sensory Condition
Discussion
In the present study, the single-limb standing balance of the PD children was significantly lower than that of the NH children (Table 3 ). This concurs with the results of previous studies, which indicate that children with hearing impairment exhibit a significant deficit in postural stability. There are a large number of reports focusing on postural instability in children with hearing impairment stating that PD children exhibit inferior postural control compared to those with NH (Fotiadou et al. 2002; Gheysen, Loots, and Van Waelvelde 2007; Suarez et al. 2007 ). However, in specific sensory conditions, where visual information was enabled, the single-limb standing balance of the PD group improved with age and reached a level similar to that seen in the NH group (Figure 1) (Figure 3 ). Age-related changes in single-limb standing balance in the PD group were notably affected by sensory conditions, in contrast with those of the NH group, which were not influenced by sensory condition (Table 4) (Table 6 ) (Figure 2 ).
Single-limb standing balance in older PD children was significantly better than in younger PD children under certain sensory conditions. The deficits in single-limb standing balance in PD children dwindled with age in condition 1, in which visual information was enabled. However, in condition 2, in which visual input was removed, the deficit of single-limb standing balance in the PD children was persistent (Figure 1) (Figure 3) . A significant improvement in single-limb standing balance in PD children exposed to condition 2 was only found when comparing the mean time of age groups 1 (4-6 years) and 3 (12-14 years). However, in condition 1, PD children showed significant improvement in single-limb standing balance when the mean time of age groups 1 and 2 (7-9 years), age groups 2 and 3, and age groups 1 and 3 were compared. This is quite different from the postural development seen in the NH children, who showed a significant improvement only when age groups 1 and 3 were compared ( Figure 2 ).
Vision is important during quiet stance, but it is not absolutely necessary to maintain postural stability because not only visual but also somatosensory and vestibular inputs all influence quiet stance postural control. However, there were significant age-related changes among the PD children in both condition 1, where visual information was enabled, and condition 2, where visual input was obscured, although the improvement with age was much greater in condition 1 than in condition 2. In contrast, NH children showed a similar result in the comparison of both conditions. This indicates that the single-limb standing balance of children who are PD improves as a result of the provision of visual information rather than somatosensory inputs, and this dependence become essential with age. In addition, our finding that the improvement of single-limb standing balance seen under condition 1 was continuous until age group 3 (12-14 years) is inconsistent with the finding of Kaga's study (1999) that vestibular dysfunction in children with hearing impairment is compensated for by visual and somatosensory inputs by 10 years of age.
The PD children showed obvious age-related improvements in single-limb standing balance under condition 3, where visual information was enabled and the supporting surface was perturbed. This differs from the observations in NH children, who demonstrated no significant differences with age, indicating that PD children compensate for their postural instability using somatosensory and visual information.
Somatosensory information is the most important for maintaining standing balance on a perturbed supporting surface (Shumway-Cook, and Woollacott 2006), but a difficult balance task is associated with a higher reliance on visual cues (Sundermier et al. 1996) . Moreover, vestibular responses to support-surface perturbation appear to be much smaller than those of somatosensory input . Thus, under condition 3, the PD children might have compensated for their postural instability by using visual and somatosensory information.
When children were examined under condition 4, no age-related changes in singlelimb standing balance were seen in either the PD or NH groups. Since the information provided by the vestibular system, which is inertial and gravitational, is not affected by the environmental context, vestibular information is important for resolving the intersensory conflict (Hirabayashi, and Iwasaki 1995; Nashner 1982) . When children maintain their single-limb standing balance under eyes-closed, compliant-footsupport conditions, such as condition 4, the vestibular inputs are essential in providing an absolute reference for postural control. However, vestibular function develops more slowly than do visual and somatosensory functions (Cherng, Chen, and Su 2001; Nashner 1982) . Hirabayashi and Iwasaki (1995) Our results can be explained by the concept of sensory weighting, which asserts that people maintain their postural stability based on the relative accuracy of sensory input reporting the body's position and movement in space (Kuo et al. 1998; Nashner 1982) . When a sense provides inaccurate information, the weight given to that sense is reduced, while the weight of other senses that continue to provide more accurate information is increased (Shumway-Cook, and Woollacott 2006) . Based on the concept of sensory weighting, PD children who might also have vestibular dysfunction might be more reliant on visual and somatosensory information, which is putatively more reliable than vestibular information. In the present study, when visual information was enabled but somatosensory input was inaccurate, as in condition 3, single-limb standing balance in the PD children improved with age and even reached at levels similar to those of the NH children. However, when visual information was enabled and somatosensory input was accurate, as in condition 1, single-limb standing balance in PD children increased with age but remained lower than that of the NH children. Furthermore, when visual information was unable but somatosensory input was accurate, as in condition 2, single-limb standing balance improved just a little.
These findings indicate that although children with hearing impairment do compensate for their vestibular dysfunction with visual and somatosensory inputs, the dependence on visual input is greater than on somatosensory input.
In summary, the single-limb standing balance of older PD children improves by adaptive sensory compensation, in contrast to younger PD children, who show significant deficits in single-limb standing balance. However, the dependence upon visual input for maintaining postural stability is higher than on somatosensory input.
If PD children continuously rely on vision for postural stability, they might have a hard time maintaining postural stability under conditions in which visual input is insufficient or has been removed. Parents and teachers should therefore be aware of possibly dangerous situations for such children, such as walking in the dark, and should work to prevent them from encountering this type of situation unattended. In addition, it might be useful for deaf children to train with the intention of developing their somatosensory functions.
This developmental study was completed using the single-limb standing balance test, which provides a quantitative measure of postural stability. Although this clinical tool is reliable, using other accurate assessment equipment together might provide even more reliable and accurate data. In addition, we were unable to assess the true age-related changes of single-limb standing balance under condition 4 due to the limited age range of 4-14 years used in this study. Further research should examine a wider range of ages with greater numbers of children to more completely define the age-related changes of postural control in PD children.
Conclusion
The objective of this study was to determine any age-related changes in single-limb standing balance and sensory compensation in PD and NH children aged 4-14 years under normal and altered sensory conditions. The results of the single-limb standing balance testing demonstrated that postural stability in PD children improves with age under the specific sensory conditions used in our testing. The method of improvement was adaptive sensory compensation, which includes both visual and somatosensory inputs. However, since visual dependency was much higher than somatosensory dependency in the PD children, it is suggested that PD children should enhance their somatosensory functions in order to better maintain their postural stability. 
